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We explore the thermally induced nonlinearity in hydrogenated amorphous silicon
microcylindrical resonators that are fabricated from the silicon optical ﬁber plat-
form. In particular, we use a pump-probe technique to experimentally demonstrate
thermally induced optical modulation and determine the response time. Through
characterization of the thermal properties and the associated resonance wavelength
shifts we will show that it is possible to infer the material absorption coeﬃcient for
a range of whispering gallery mode resonators.
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1Whispering gallery mode (WGM) resonators which allow for investigations of light con-
ﬁnement in a range of geometries and materials are an area of growing research interest
owing to their diverse application base. In particular, their small mode volumes and high
quality factors (Q) provide a convenient tool to study a variety of nonlinear phenomena
including lasing, parametric ampliﬁcation, and Raman scattering1–3. It is evident that of
the nonlinear eﬀects, the thermal nonlinearity has the lowest threshold so that it can be
observed at powers as low as tens of microwatts. However, these thermal eﬀects suﬀer from
a slow response time which is typically of the order of microseconds3, limiting device perfor-
mance. Nevertheless, a range of thermally induced phenomena have been observed including
bistability4 and oscillatory instability5.
Motivated by the current activities in silicon photonics, thermally induced optical bistabil-
ity in WGM resonators fabricated from the silicon-on-insulator (SOI) technology have been
used to demonstrate all-optical functionalities such as switching, modulation, and memory
devices3. These on-chip resonators are deﬁned using standard photolithographic processes
before being etched from the substrate, which typically imposes a nanometer scale roughness
to their surfaces. As an alternative, we recently proposed an approach to fabricating silicon
WGM resonators from the silicon ﬁber platform6. An important advantage of this method
is that the resonator surfaces are deﬁned by the ultra smooth silica cladding template7,
so that the surface scattering losses are negligible compared to the chip-based resonators.
Furthermore, it is straightforward to fabricate resonators of various sizes from a range of
semiconductor materials that can be incorporated into the ﬁber geometry using simple and
inexpensive processing techniques8,9.
In this paper we explore the thermally induced nonlinear eﬀects in hydrogenated amor-
phous silicon (a-Si:H) ﬁber based microresonators. Owing to the large thermo-optic eﬀect of
a-Si:H, there is a measurable increase in the refractive index as the resonator temperature
is raised through light absorption, which results in a red shift of the WGM resonances. By
exploiting the power dependence of this shift, the thermal nonlinearity can be used as an eﬃ-
cient means to induce modulation. In our analysis we use a simple modulation experiment to
characterize the thermal response of the ﬁber based microresonators and show that this can
be used to infer the absorption coeﬃcient of the a-Si:H material. This loss characterization
method is non-destructive, localized to the point of measurement, and potentially applicable
to a variety of geometries including spherical shaped semiconductor WGM resonators9.
2The silicon resonators used in our investigations are fabricated using a two-step process.
Firstly, the silicon core ﬁbers are produced by inﬁltrating the semiconductor material into
silica capillaries with a pore diameter of 5:6m using a high pressure microﬂuidic chemical
deposition technique10. The silica template is then completely etched away from the a-Si:H
core using a buﬀered HF solution to reveal the microcylindrical resonator6. Signiﬁcantly,
the losses of the a-Si:H resonator materials can be established through optical transmission
experiments of the ﬁbers before the cladding is etched away to form the resonators. Using the
standard cutback method we have measured the losses in three silicon ﬁbres, all fabricated
to have slightly diﬀerent a-Si:H material qualities so that the corresponding values are:
(A) 2:5dB=cm, (B) 6dB=cm and (C) 14dB=cm at an input wavelength of 1:55m. The
diﬀerence in the losses of the three ﬁbers is attributed to variations in the concentration
of the incorporated hydrogen, which thus determines the degree of saturation of dangling
bonds in the material10.
The optical properties of the microresonators are characterized over an extended telecoms
band using evanescent coupling from a tapered single mode ﬁber with a waist diameter of
 1   2m. A polarization controller was used before the taper to adjust the polarization
state of the ﬁber taper mode, and to provide selective coupling to the TE or TM WGMs
of the cylindrical resonators. A typical transmission spectrum of the low loss ﬁber (A)
is shown in Fig. 1(a) illustrating the sharp resonances associated with the WGMs of the
resonator. Two individual resonances are highlighted, 1 = 1:516m with  68% extinction
and 2 = 1:56m with  99% extinction on resonance, with the measured loaded Ql factors
Q1 = 1:8104 and Q2 = 1:4104, respectively. These quality factors are fairly representative
for the ﬁber resonators with the best value obtained in (A) of Ql  4  104 and the lowest
in (C) of Ql  4  103. To demonstrate the thermal nonlinearity which manifests as a red
shift of the resonant wavelength, a set of power dependent experiments were undertaken by
scanning over the resonance at 1:56m, as shown in Fig. 1(b). This data reveals a linear
dependence of the shift as a function power, with a relatively high coeﬃcient of 4:5pm=W
compared to on-chip resonators, which suggests that these ﬁber devices should be suitable
for ultra low power operation.
Based on this observation, we set up a pump-probe experiment to exploit the thermo-
optic eﬀect for low power all-optical amplitude modulation. A schematic of the experimental
setup is shown in Fig. 2. Two continuous wave (CW) tunable external cavity lasers with
3a linewidth of  400kHz (Tunics Plus) are tuned to the WGM resonances 1 (pump) and
2 (probe), as shown in Fig. 1(a), and launched into the tapered ﬁber. The pump was
modulated by a square wave using a pulse generator up to a frequency of 500kHz. When
the pulses enter the resonator they induce a thermal refractive index change which shifts the
WGM resonant frequency with respect to the probe wavelength. When the energy in the
resonator is suﬃcient to shift 2 by half the linewidth, the probe is no longer at resonance,
resulting in its modulation. A wavelength tunable ﬁlter was used at the output to isolate
the probe, which was monitored on an oscilloscope. For the experiments conducted in ﬁber
(A), we found that a coupled pump power of only  10W was required in the resonator to
modulate the probe beam. Fig. 3(a) shows the input pump and (b) the output probe signal
measured by the oscilloscope, at a frequency of 25Hz. At higher frequencies, for example
21kHz shown in Fig. 3(c), the output signal can still follow the modulation of the pump but
becomes clipped.
To determine the thermal response time of the ﬁber resonators, Fig. 4(a) shows mea-
surements of the peak-to-peak amplitude (Vp p) of the probe beam versus the modulation
frequency. At lower frequencies a ﬂat response is observed, indicating that the thermal re-
sponse time is faster than the modulation speed. However, when the modulation is faster
than the response, a roll-oﬀ in the amplitude is observed, as seen via a comparison of
Fig. 3(b) and (c). From the behavior shown in Fig. 4(a), a  3dB corner frequency of 21kHz
can be measured. Using the usual bandwidth convention, the thermal response time of ﬁber
(A) can be estimated as  = 1=(2f 3dB) = 7:5s11. Despite diﬀerences in the a-Si:H
material quality of the three ﬁber resonators, similar values of  were obtained for ﬁbers
(B)  = 7s and (C)  = 7:2s, indicating that the response time is largely determined
by the resonator size and shape.
Previous investigations of silicon resonators have shown that the nonlinear thermal prop-
erties can be used to infer the linear absorption coeﬃcient of the material 12,13. These
methods make use of the thermally induced resonance wavelength shift to provide a sensi-
tive measure of the internal cavity absorption. Based on the approach in Ref. 12, we use
the response time  to calculate the absorbed power in the cavity PA then relate this to the
corresponding intracavity energy Uc. To obtain PA, we solve the thermal diﬀusion equation
4using a Laplace transform14:
d∆T
dt
+
∆T

=
PA
CV
; (1)
where  = 2:3  10 3 kg=cm3 is the material density of silicon, C = 705J=(kgK) is the
speciﬁc heat capacity, V is the volume of the cavity, and ∆T is the temperature change.
Here, ∆T is a function of the resonance shift ∆: ∆T = (nc
∆
0 )=
(
dn
dT
)
12,15, where nc is the
cavity refractive index, assumed to be 3.6 for a-Si:H at the “cold” (or low power) resonant
wavelength 0, and the thermo-optic coeﬃcient of a-Si:H is dn=dT  2:310 4 K 1 Ref. 16.
Under the assumption that the temperature is time independent, the steady state solution
of Eq.(1) yields:
PA =
CV ∆T

: (2)
To calculate Uc, we start from the equation which identiﬁes the loss mechanisms that
contribute to total (loaded) quality factor:
Q
 1
l = Q
 1
e + Q
 1
i ; (3)
where Qe is the extrinsic (coupling) quality factor and Qi is the intrinsic quality factor. Here,
Qi includes contributions from the losses associated with the resonator photon lifetime, the
surface scattering, the bulk material, some leakage due to the lack of lateral conﬁnement,
and other parasitic losses of the system. However, we have previously shown in Ref. 6
that the losses associated with the radiation and surface scattering are negligible in these
ﬁber resonators. As our system is in the overcoupled regime, Qe can be found from low
power measurements of Ql using the relation12 Qe = 2Ql=
(
1 +
p
Tmin
)
, where Tmin is the
fraction of transmitted optical power measured by the photodetector at 0. Eq.(3) can then
be used to calculate Qi for all input powers, and subsequently the cavity energy through12:
Uc = QiPd=!, where Pd is the power dropped to the resonator, and ! is the optical frequency.
Following the method outlined by Borselli et al.12, in Fig. 4(b) we plot PA as a function
of Uc for the power dependent measurements of ﬁber (A) shown in Fig. 1(b). For the power
levels used in our experiments, the absorbed power scales linearly with the intracavity energy
as PA  linUc. Using the ﬁtted coeﬃcient lin, it is then possible to estimate a value for
the linear material absorption  via:
Qmat =
!
lin
=
2nc
0
: (4)
5Applying this analysis for each of the ﬁbers, we obtain the associated loss values of: (A)
 3:4dB=cm, (B)  8dB=cm and (C)  17dB=cm, which are all systematically slightly
larger than the losses from the cutback measurements. We attribute the discrepancy between
these results to the fact that the loss values established via the two methods correspond
to slightly diﬀerent wavelengths, with the losses from the cutback at 1:55m and those
from the cavity absorption at the resonant wavelength of 1:516m. Wavelength dependent
measurements of the losses in a-Si:H ﬁbers have previously revealed that typical values at
1:51m are  1dB=cm higher than those at 1:55m10, and when this diﬀerence is taken into
consideration, the losses obtained via the two methods are brought into close agreement.
In conclusion, the thermal nonlinearity in atomically smooth, high quality a-Si:H ﬁber
based microresonators have been characterized through a simple all-optical amplitude mod-
ulation experiment. Using the thermal response time and the power dependent resonance
wavelength shift it is possible to estimate the linear absorption coeﬃcient of the resonator
materials. This loss characterization method has the advantage that it is non-destructive
and can potentially ﬁnd application in spherical or even bottle shaped WGM resonators,
where cutback measurements cannot be applied.
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7FIG. 1. (a) Transmission spectrum (ber A). Inset: Lorentzian t (dashed line) to determine Q for
1:56m resonance, at low ( 14W) power. (b) Transmission spectrum as a function of coupled
input power as labeled in legend.
FIG. 2. Experimental setup for all-optical modulation.
FIG. 3. Modulated (a) pump and (b) probe signals at 25Hz. (c) Modulated probe at 21kHz.
FIG. 4. (a) Measured amplitude response of the probe beam as a function of the modulation
frequency of the pump. The dashed lines show a  3dB corner frequency of 21kHz. (b) Absorbed
power versus cavity energy. Results obtained for ber (A).
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